ABSTRACT: Plasma glow-discharge application is known as a technique to coat or modify the surfaces of various materials. In this study, the influence of oxygen rf-plasma treatment on surface and bulk properties of a biological polyester, poly(3-hydroxybutyrate-co-3-hydroxyvalerate), were studied by determining water content and water contact angle, and by using X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM). The plasmatreated films absorbed more water than the untreated film, and the absorbance increased with the total power applied. The water contact angles decreased and O/C atomic ratio increased on treatment, indicating that the material became more hydrophilic due to increases in the oxygen-containing functional groups on the surface of the polymer. A direct relation could be observed when the O/C ratio was plotted against the total power applied (treatment duration ϫ treatment power). SEM revealed a visual record of surface modification, the extent of which increased with increased total power. It was thus possible to alter the surface chemistry and relevant properties of the polymer film using oxygen plasma as a tool.
INTRODUCTION
Polyhydroxyalkanoates (PHAs) are polyesters of microbial origin. The chemical structure of PHAs is very similar to those of polylactides (PLAs), the highly popular synthetic biodegradable polymers used in biomedical applications, and copolymers of PLAs with glycolides, [i.e., poly(lactide-co-glycolide) (PLGA)]. PHAs, however, generally degrade at a much slower rate than PLAs and PLGA. 1 Poly(3-hydroxybutyrate) (P3HB) is generally found as a copolymer containing hydroxyvalerate (HV) as the comonomer, which is called poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV). The copolymers have varying HV ratios, and their mechanical (tensile and compressive strengths) and chemical (surface energy, hydrolysis rate) properties depend on the HV content. They are biodegradable and biocompatible, and are reported to induce new bone formation due to their piezoelectricity. The interest in PHA is increasing rapidly, and exciting new applications in the fields of drug delivery and tissue engineering are being reported. [2] [3] [4] [5] The biomedical field has been using PLGAs for sometime to fulfill its need for biodegradable materials. The biological origin of PHBV, however, makes it environmentally more acceptable, which is a major advantage over PLGA. In addition, it is possible to obtain very different copolymers of PHAs with exceptional properties by just changing the carbon source of the growth medium of the PHA-producing microorganisms.
PHAs are produced by a large number of microorganisms, including Alcaligenes latus, Alcaligenes eutrophus, and Pseudomonas oleovorans. 6 -8 Genes for PHBV growth were introduced to other biological systems that are normally nonproducers (like E. coli) 9 and even into plants. 10 As a result, this polyester family has great potential in the biomedical field, especially as biodegradable implant materials, drug release systems, and tissue engineering scaffolds. In all these applications, the surface properties of the polymer are of utmost importance because the surface is the region of contact with the biological system. For example, bovine aortic endothelial cell growth was linearly correlated with the oxygen content obtained by the oxygen plasma treatment of the polymeric matrix. 11 As a result of this interaction, cell loading and attachment to a biomaterial in tissue engineering applications, and the biocompatibility and biodegradability of the polymeric matrices are influenced. 12 In this study, PHBV8 (PHBV with 8% HV) was treated at varying levels with oxygen plasma, the modifications created on the surface of this material were studied by X-ray photoelectron spectroscopy (XPS), and the water content and water contact angle values were measured.
MATERIALS AND METHODS

Plasma treatment of polymer films
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing 8% hydroxyvalerate (molar) in its structure was purchased from Aldrich Chemical Company (Germany) and films (8 -10 m thickness) were prepared by solvent casting of 0.6% solutions in chloroform in Petri plates (9 cm in diameter). The films, in their Petri plates, were placed in a plasma chamber (Advanced Plasma Systems, Inc., (St. Petersburg, FL), with a SEREN IPS R 300 13.56 MHz power supply) and subjected to oxygen plasma (pressure: 40 mTorr initial and 300 mTorr final; see Table I for conditions). The membranes were then removed and used in further tests, taking care to identify the treated sides.
Water content determination
Water content of the polymeric films was determined by gravimetry. A sample (5-10 mg) was weighed to the nearest 0.1 mg, immersed in physiological phosphate buffer (PBS; pH 7.4, 0.1 M), and stored at 37°for 24 and 72 h. At 24 h, the sample was removed, superficial water was removed by gently blotting with a filter paper, and the sample was weighed and then re-introduced into the swelling medium. At 72 h, this weighing procedure was repeated and then the film was dried in a vacuum oven at 50°C overnight and weighed again. The water content was calculated as:
(W weight of wet sample Ϫ W weight of dry sample ) Ϭ W weight of dry sample ϫ 100
Water contact angle determination
Advancing contact angle measurements were made with a sessile drop of deionized water on a Cam-Micro (Tantec Inc., (Schaumberg, IL)) contact angle meter. The values reported are an average of at least five measurements.
X-ray photoelectron spectroscopy (XPS)
XPS measurements were performed on films prepared on glass slides using a Kratos ES300 spectrometer with MgK␣ X-rays at 1253.6 eV. The films on the slides were directly inserted into the spectrometer, which had a base pressure Ͼ10 Ϫ8 Torr. Power was kept at Ͻ100 Watt/cm 2 to prevent any radiation damage.
Scanning electron microscopy (SEM)
Scanning electron micrographs of PHBV8 films, before and after plasma treatment, were obtained after coating with a thin layer of gold with a Leitz (Model AMR 1000) SEM microscope.
RESULTS AND DISCUSSION
Water content
Water contents of polymer films treated with different plasma powers were determined (Table I ). The untreated polymer was very hydrophobic, as are all PHBV, and did not absorb any water in the first 24 h and only 8.2% after 72 h of immersion. All the treated films absorbed more water than the untreated film, and the absorbance increased with the total power applied. The film with the highest water absorbing capability (60.2%) was the one treated with the most oxygen plasma (100 W ϫ 20 min). These results confirm the expectation that the film treated with the highest level of oxygen plasma would be the most hydrophilic. The cause for high water absorption with this specific treatment mode could be (a) very high surface hydrophilicity and (b) degradation of the sample during treatment. We believe both these phenomena are valid because the contact angle of this sample could not be determined due to rapid absorption of water by the material.
Water contact angle
It is known that PHBs and their copolymers are quite hydrophobic polyesters, with the only polar functionality residing in the ester groups. The water content results reported in the previous section confirm this hydrophobicity. PHBV20 (HV content of 20%) was reported to have a water contact angle of ϳ68°, which decreased to 66°on hydrolytic degradation. 13 Ammonia gas plasma treatment of polyhydroxyoctanoate) led to a water contact angle decrease of 20 -30°from a very high value of 95°as a result of stable incorporation of nitrogen in the structure.
14 Following treatment with plasma (oxygen, ammonia, 15 etc.), other polymers are also known to have moved towards higher hydrophilicities as indicated by lower contact angles and surface energies. In the present study, the untreated polymer had a significantly high contact angle (68.3 Ϯ 7.8°) that was substantially reduced (43.3 Ϯ 3.3°) following oxygen plasma treatment (100 W for 10 min), as shown in Table II and Figure 1(a) . It was also observed that the decrease in the contact angle was directly related with the extent of treatment (power ϫ duration; i.e., no significant difference was observed between 50 W ϫ 20 min and 100 W ϫ 10 min treatments), indicating that it is possible to modify surface hydrophilicity on demand. This observation is very important because it has been reported that cell adhesion on polymers is controlled by the surface energy. For example, a study of adherence of fibroblasts, endothelial cells, and L cells on polymer surfaces indicates that 70°is optimum for adherence and that at higher or lower contact angles, adherence decreases sharply. 16 Also, it was reported that fibroblast spreading on polymer surfaces showed a sudden increase at a surface energy of 40 erg/cm 2 and further increases in the surface energy did not result in higher spreading. Thus, this technique becomes an important tool for tissue engineering applications, where surface chemistry is of utmost importance for cell loading, viability, and functionality. The porosity of the polymer films, however, increased on oxygen plasma treatment, and it was not possible to measure the contact angle of the 100 W ϫ 20 min sample because of the rapid transference of the water across the membrane. This result indicates that an excess of treatment not only leads to surface modification but could actually result in damage to the surface. Thus, plasma treatment needs to be applied carefully so as not to extensively modify and damage the surface.
X-ray photoelectron spectroscopy
The wide XPS spectra of the various films are shown in Figure 2 . In addition to the strong O 1s and C 1s peaks, N 1s peaks are observed in plasma-treated films. The N 1s peaks are probably due to a small leak, residual N 2 in the plasma chamber, or interaction with N 2 in the air on opening of the chamber. C 1s peaks exhibit multiplet structure and are curve-fitted to (i) carbon bonded to hydrogen, (ii) etheric, and (ii) esteric components, as shown in Figure 2 and Table II . 17 The O 1s peaks are broad and become broader after plasma treatment. The O/C atomic ratio derived from XPS measurements (0.48) matches exactly the expected ratio from the chemical formula (0.49) but increases up to 0.57 as a function of the plasma power and duration, as shown in Figure 1 (b). To this end it is necessary to note that the changes in the O/C atomic ratio are indistinguishable (within the experimental uncertainty) for the 50 W ϫ 20 min and 100 W ϫ 10 min treatments, which is similar to our water contact angle results. The XPS sampling depth was ϳ5 nm. The atomic compositions involve both surface and subsurface layers and, in general, a direct comparison with water contact angle measurements is not expected. 18, 19 However, the decrease of the water contact angle as a function of plasma treatment surprisingly correlates directly with the O/C atomic ratio increase, as depicted in Figure 1 .
Scanning electron microscopy
Scanning electron microscopy of the PHBV8 films revealed a gradually increased surface roughness with increase in the total power applied (Figure 3) . A similar observation was reported following argon treatment of poly(phenylene vinylene), where the uniformly smooth-surfaced pristine films became granular and rougher. 20 
CONCLUSIONS
In this study we showed, by changes in water absorbing capacity and water contact angle and by XPS and SEM investigations, that the surface properties of PHBV films containing 8% HV could be controllably modified by varying the power and the duration of the oxygen rf-plasma application. Our results showed that there was direct correlation between the gradual increase in the concentration of oxygen-containing groups on the membrane surface and increases in total power applied. This effect was manifest in the properties of the material as an increase in hydrophilicity.
It is known that plasma treatment modifies only the surface of treated samples. In this study, all the samples showed some wettability even before treatment, and after treatment they revealed low but consistent water absorptions. Only the samples treated with 100 W ϫ 20 min plasma application seemed to absorb a significant amount of water. This result was possibly due to very high surface hydrophilicity and degradation of sample during this treatment.
Hence, plasma modification of PHBV surfaces could help modify surface topography and tailor-make surface chemistry for tissue engineering applications in which surface properties are critical for cell adhesion and growth. 
